Modeling and prediction of electromagnetic wave absorbing properties of SiC foams as novel stealth materials in the X-band range of 8.2-12.4 GHz are presented. Appropriate material parameters, including the conductivity, volume fraction, cell size, thickness, and surface modified foam structure, are determined through optimization calculations, where the impedance difference between the SiC foam and free space is minimized. The minimum reflection coefficient, reaching −8 dB, is obtained when the SiC conductivity is about 2.27 S m −1 , the volume fraction is 28%, and the thickness is 20 mm in the case of SiC foam. For surface modified foam, the reflection can be less than −10 dB throughout the entire band investigated.
Introduction
Wave absorbing technology is an important topic not only for military purposes, for evading radar detection and electromagnetic interference (EMI) shielding, but also for the business field, for instance, in communication facilities. In order to improve the survivability of the combat target, there are two commonly used methods. One is shaping the targets in order to scatter the incident electromagnetic (EM) wave, minimizing the reflection wave that can be detected by radar. Another is to use radar absorbing materials or radar absorbing structures for the components, to reduce the detectability of the targets.
In classical materials, the wave propagation in a material is affected by the material parameters: the dielectric permittivity ε, magnetic permeability µ [1] , and electrical conductivity σ [2] . When it is used as a wave absorber, its impedance changes abruptly at the interface between free space and 3 Author to whom any correspondence should be addressed.
either the bulk or film material. This, therefore, results in an undesirable increase in reflection. To avoid such reflection, multi-layered absorbing materials have been developed, which change the wave impedance in steps from layer to layer. In this work, another way to reduce the impedance difference between the absorber and free space was investigated; SiC foams can be introduced to implement the idea. Generally, SiC has relatively high permittivity ε; the impedance of the absorber Z = √ µ/ε is very different from that of free space Z 0 = √ µ 0 /ε 0 according to transmission theory [3] . But for the foams considered, the foam cell size is much smaller than the incident wavelength; the long wavelength radiation is too myopic to detect the foam size or insensitive to the foam structure. The response of the foams to EM waves can be represented in the effective permittivity ε eff and permeability µ eff according to effective medium theories (EMT) [4] [5] [6] . ε eff is smaller than ε, so the impedance difference between the foam and free space is also smaller. SiC foams, fabricated by a solid state sintering process using silicon carbide or other oxide powders through the polymer foam replication method [7, 8] , possess a reticulated structure, as shown in figure 1. The SiC foams fabricated are highly versatile porous materials which are used primarily in applications where fluid transport in the structure is required. These include molten metal filtration, hot gas filtration, catalysts support, and combustion.
Generally, reflection coefficients are experimentally measured in order to evaluate the performance of a radar absorbing material. However, experimental measurements are often time-consuming and resource-wasting, and they are usually not reliable enough for optimization. Computer aided design and simulation can effectively resolve the uncertainty experienced in experiments, and improve the stealth properties by optimizing the material and geometric parameters. For many types of microwave and millimeter-wave components and devices with arbitrary shape in two or three dimensions, a useful computational analysis may be conducted by calculating the electromagnetic field's distribution and other behavior of EM waves in the materials according to the principles of electromagnetic theory. In this work, the finite integration technique (FIT) with a perfect boundary approximation (PBA) which will be introduced in the next section is applied to calculate the microwave reflection coefficients of SiC foams.
Formulation and numerical technique
The FIT was proposed by Weiland in 1976 [9] . The method has been successfully used in a wide range of applications in electrical engineering and research during the last few decades [10] . Unlike most numerical methods, the FIT method is based on an integral form of Maxwell's equations rather than the differential one:
In order to solve these equations numerically a spatial segmentation of the computational domain is created by a doublet of two computational grids: the primary grid G and the dual gridG; they are orthogonal. Referring to figure 2, the electric grid voltages e and magnetic fluxes b are allocated on the primary grid G and the dielectric facet fluxes d as well as the magnetic grid voltages h on the dual gridG. The spatial discretization of Maxwell's equations is finally performed on this system of two orthogonal grids, where the degrees of freedom are introduced as integral values as well, which are defined as integrals of the electric and magnetic field vectors over edges L i and facets A j of the grid G, or edgesL j and facetsÃ i of the gridG. For each cell, considering Faraday's law, the closed integral on the equation's left-hand side can be written as a sum of four grid voltages. Consequently, the time derivative of the magnetic flux defined on the enclosed primary cell facet represents the right-hand side of the equation. By repeating this procedure for all available cell facets, the calculation rule can be summarized in an elegant matrix formulation; the topological matrix C is introduced as the discrete equivalent of the analytical curl operator. Similarly the corresponding discrete curl operatorC is introduced by applying this scheme to Ampere's law on the dual grid. The discrete divergence operator S andS are also introduced, belonging to the primary and dual grid, respectively. Finally the complete discretized set of Maxwell's grid equations are obtained:
The topological matrices S and C, whose elements can only take the values −1, 1 or 0, fulfill two important properties corresponding directly to the vector analytical properties of the continuous operators:
From these relations and the duality propertyC = C T , various consistency and conservation properties of the spatial discrimination scheme can be derived, including conservation of charge and energy and the stability of time domain schemes.
Together with the material constitutive relations
these equations build a complete system of algebraic equations, which are as general as Maxwell's equations themselves.
In the case of Cartesian grids, the FIT formulation can be rewritten in the time domain to yield the standard finite difference time domain method (FDTD). However, classical FDTD methods are limited to staircase approximation of complex boundaries. To obtain accurate predictions for the response of realistic structures, the PBA technique is applied to the FIT algorithm which maintains all the advantages of the structured Cartesian grids, while allowing an accurate modeling of curved structures. A commercial code MICROWAVE STUDIO 5.0 (MWS5) was used in the simulation.
On the basis of the theories depicted above, the physical processes of electromagnetic wave propagation in SiC foams can be analyzed by means of numerical computation [11] [12] [13] [14] . The procedure is outlined in the following.
An idealized, rectangular waveguide, shown schematically in figure 3 , was employed in the simulation. The waveguide walls are considered to be made of a perfect conductor, implying that n×E = 0 on the boundaries. Port 1 is a matched boundary condition consisting of two parts: an incident planar wave and an absorbing boundary condition. A PEC backed SiC foam is positioned in the middle of the waveguide. The plane wave is excited at Port 1, and S11, defined in equation (7), is calculated in order to identify the reflection of the EM wave.
where E 1 is the excitation electric field, assumed to be of unity power; E c , the computed electric field on Port 1, consists of the excitation plus the reflected field. A is the area of cross section of the waveguide. SiC is a polar dielectric, and its permittivity is frequency dependent, given by [1] 
where the permittivity at the infinity frequency ε ∞ = 6.7, the longitudinal wave frequency ω L = 969 cm −1 , the transverse wave frequency ω T = 793 cm −1 , and the damping constant φ = 4.76 cm −1 . As regards permeability, SiC is rarely magnetic, so the relative permeability is assumed as 1.
Due to the limitation on computing resources, a simple three dimensional (3D) model, shown in figure 4(a), is designed to carry out the simulation. This SiC foam cell is analogous to a 'body centered cubic' atomic array with the open space and the occupied center and corners reversed. In order to create the unit cell, a big cube of La mm was made first. Then nine smaller cubes of Lb mm were subtracted, eight from the vertexes, and one from the center of the bigger cube. Repeating this cell in a three dimensional space generates a SiC foam, as shown in figure 4(b) , and the total thickness of the SiC foam is Th mm. Although such a geometric structure is an approximation only, the results should provide valuable information on the real SiC foams. In MWS5, grid meshing can be automatically performed and the grid size is much smaller than the cell size. 
Results and discussion
The SiC foam can be fabricated with different cell sizes and strut diameters, which can be obtained in the model by changing the cubic parameters La and Lb, so different volume fractions of SiC foam can be calculated. The effects of the conductivity, volume fraction, cell size, thickness as well as geometrically modified SiC foam on the reflection coefficients in the X-band range are investigated in this section.
The effect of conductivities on absorbability
The electric field strength is attenuated when passing through the SiC foam. The electric energy gets lost in the SiC foam. The loss depends mainly on the imaginary permittivity ε which is a function of the conductivity σ ; in the simulation, La = 4 mm, Lb = 3 mm, the thickness Th was fixed at 20 mm, and the conductivity was varied, in order to search for the optimal conductivity value for the structure. The curves in figure 5 show the dependence of the coefficients of reflection on the frequency and conductivity. The SiC electric conductivity of the SiC foam was varied from 0.1 to 5 S m −1 . The changes of the reflection coefficients with the electric conductivity are not monotonic-they first go down, then up with the conductivity. Therefore, a larger conductivity does not always mean greater absorption, as the reflection also increases after the conductivity reaches a certain value. When the conductivity is 5 S m −1 or less than 0.64 S m −1 , the reflection coefficients are larger than −6 dB in most of the band investigated, as revealed by the corresponding curve in figure 5 . When the conductivity is less than 0.64 S m −1 the EM wave can easily penetrate the foam, and irradiate the backed PEC, so the EM wave is reflected by the PEC plate, which leads to the increase in the reflection. When the conductivity is larger than 5 S m −1 the EM wave is reflected directly at the surface of the foam; only a small part of the EM wave can penetrate the foam and be absorbed in it. So the reflection increases. The plot shows that when the conductivity equals 2.27 S m −1 in this case, the reflection is less than −8 dB over the whole X-band, so most of the EM energy is absorbed by the foam.
The effect of volume fractions on absorbability
The optimal conductivity was obtained in section 3.1, so the conductivity was fixed at 2.27 S m −1 , and La = 4 mm, Th = 20 mm; the Lb of the small cube was varied from 2.5 to 3.5 mm, which corresponds to different SiC volume fractions, as shown in table 1.
As shown in figure 6 , the reflection is sensitively affected by the SiC volume fraction at fixed conductivity and cell size. When Lb for the small cube is smaller than 2.7 mm, i.e. the volume fractions are larger than 43%, the reflections are larger than −8 dB over most of the X-band, which is due to the high effective permittivity of the foam, and therefore the impedance of the foam mismatches with free space too much. Consequently, most of the wave is reflected from the surface of the foam and is not absorbed. In particular, when the volume fraction is 53%, the reflection is larger than −6 dB overall in the band investigated. One can also witness that the reflections increase with the volume fraction decrease when the volume fractions are less than 19%. At low volume fractions, the effective permittivities are also low, the EM wave can easily penetrate the foam, and then it is reflected by the backed PEC, returning to the free space. At the same time, the low dielectric loss due to the low effective conductivity leads therefore to the high reflection coefficients. The foams possess microwave transparency properties in this case. However, when the volume fractions are less than 38% (Lb = 2.8 mm) and larger than 19%, the reflections are less than −8 dB over most of the X-band. For example, the reflections are less than −8 dB over the entire X-band when the volume fractions range from 24%-33%; the reflection is even less than −10 dB from about 8.5 to 11.5 GHz (bandwidth of 3 GHz) in the case of Lb = 3.1 mm (fraction of 24%).
The effect of cell sizes on absorbability
For SiC foam, the cell size can be different at a certain volume fraction. So the effect of cell size on reflection coefficient was investigated in this section. When the volume was about 28% at the thickness of 20 mm with the conductivity of 2.27 S m −1 , the best absorbability was obtained from the overall consideration in the previous section. Here, the values were kept unchanged and only the cell size was changed, from 2 to 4 mm.
As seen from figure 7, the case of the cell size of 3 mm is the best one among the three cases (2, 3, and 4 mm) in the first half of the X-band. The maximum reflection reaches −12 dB at that valley. However, the cell size of 2 mm is better than the others in the last half of the band investigated. The peak value is under −9 dB. It is clear that the cell size does not affect the reflection coefficients too much from the overall point of view. Only the reflection peaks and valleys shift a little with the cell size change. This indicates that the EM wave is not sensitive to the cell size when the cell size is much smaller than the incident wavelength, which is coincident with the EMT.
The effect of thickness on absorbability
In practical implementation, one may consider the thickness as an essential factor for reducing the volume and weight of an absorber. Reflection coefficients as functions of thickness were, therefore, compared in this section. The results are plotted in figure 8 , with a conductivity fixed at 2.27 S m −1 , cell size La = 4 mm, and the volume fraction = 28%. In the case of 10 mm thickness, the reflection is very high in the most of the X-band as shown in figure 8 , labeled with 10 mm, because the EM wave can easily penetrate the foam due to the low thickness, and then it is reflected by the backed PEC, returning to free space. When the thickness is larger than 30 mm, the curves remained unchanged, which can be seen from the curves labeled with 40 and 50 mm in figure 8 . From the results, it is concluded that the maximum absorption does not increase with the thickness increase when thickness is over a certain value (30 mm in this case), because the reflection wave from the backed PEC cannot return to free space again, and the reflection EM wave accounted for in the reflection coefficient is only the EM wave reflected from the surface of the foam. So the optimal thickness of the SiC foam is about 30 mm or so.
The effect of surface modification on absorbability
The SiC foam used is a new type of absorber, and one always expects that it can achieve its maximum absorbing property. However, the intrinsic properties of SiC cannot change; the idea of making it a foam is to reduce its effective permittivity to improve the impedance match with free space, which is actualized in the above sections. In order to improve the amount of EM wave which can penetrate the surface of the foam, another structural scheme was effected to reduce the surface effective permittivity of the absorbing foam, as shown in figure 9 . Slots were made at the surface with a certain depth, width, and distance. The distance, depth, and width were optimized by calculation. Here, all the other parameters including those for the SiC foams 30 mm in thickness, 2.27 S m −1 in conductivity, 28% in volume fraction, and 4 mm in cell size were kept unchanged. The distance is 11 mm and the width is 5 mm. When the slot is too shallow-take the depth of 3 mm for example-the reflection does not reduce too much, comparing to the case without a slot on the surface of the foam. As for the depth reaching 10 mm, a relatively high value of the reflection coefficient is observed from figure 10 . However, when the depth is 5 mm, the maximum absorbability is obtained, and the reflection coefficient is below −10 dB over the total band range of 8.2-12.4 GHz, which is due to the modified surface providing better conjugation, and the impedance matches well with free space. The EM waves, therefore, can easily penetrate into the foam, which enhances the microwave absorption.
Conclusions
In this paper, SiC foams were investigated as materials absorbing in the X-band by means of calculations using FIT and PBA in the software code MWS5, including the geometric structures and material constitutive parameters. The following conclusions can be drawn from this study:
• The conductivity of intrinsic SiC subtly influences the microwave absorbability of SiC foam. The change of reflection coefficients with electric conductivity is not monotonic. When the conductivity equals 2.27 S m −1 , the reflection is less than −8 dB over the whole X-band at the thickness of 20 mm and volume fraction of 28%.
• The reflection coefficients are sensitively affected by the SiC volume fractions. There is an optimal volume fraction, about 28%, at fixed conductivity and thickness. The foams possess microwave transparent properties at low fractions, and the impedances of the foams have too much mismatch with free space at high volume fractions.
• The EM wave is not sensitive to the cell size because the cell size is much smaller than the incident wavelength, which is coincident with the EMT.
• When the thickness is less than 30 mm, the reflection changes significantly with the thickness. However, when the thickness is over 30 mm, the reflection does not change too much with increase in thickness. So the optimal thickness of the SiC foam is about 30 mm or so in this case.
• Surface modification is an appropriate way to improve the absorbing performance of the SiC foam, which is due to the reduction of surface effective permittivity of the absorbing foam with slots existing in the SiC foam surface; therefore the surface impedance matches well with free space. The reflection can be less than −10 dB over the entire band investigated.
